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Abstract
_____________________________________________________________________________________

Aging is accompanied by a progressive loss of circadian rhythms. Lifespan-extending dietary
paradigms such as dietary restriction (DR) enhance circadian amplitude and appear to extend
lifespan in a clock-dependent fashion. However, the mechanisms by which DR amplifies
circadian rhythms and why circadian rhythms decline with age have yet to be fully elucidated.
Here we find that DR amplifies circadian amplitude by enhancing light sensitivity in the eye. We
performed a circadian mRNA microarray in flies (Drosophila melanogaster) reared on DR or a
high nutrient diet and found that DR increases the number of circadian transcripts and
selectively amplifies the expression and circadian amplitude of genes involved in the
phototransduction signaling cascade (e.g. trp, trpL, inac, etc.). Flies reared on DR have an
enhanced response to light and delayed age-related visual decline, as measured by positive
phototaxis. DR's ability to enhance light sensing and delay age-related visual decline appears to
require molecular clocks within the eye. We identified that DR-dependent enhancements in
circadian amplitude, both in the head and body, require circadian light cycles: DR fails to
enhance the circadian amplitude of the molecular clock when flies are kept in constant
darkness. Circadian optogenetic depolarization of photoreceptor cells augments circadian
activity rhythms, and rescues peripheral circadian amplitude in flies maintained on a highnutrient diet. These findings suggest that DR promotes a positive feed-forward loop between
the circadian clock and the phototransduction cascade to enhance circadian physiology and
maintain eye heal
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Introduction
______________________________________________________________________________

Circadian Rhythms
Circadian rhythms (from the Latin phrase circa diem, meaning 'about a day') are 24-hour
cycles in biology that temporally align living processes with cyclic environmental cues. These
rhythms allow organisms to generate biological synchronicity with predictable fluctuations in
light, temperature, humidity, etc. Circadian rhythms are endogenously generated by internal
clocks—when an organism moves from a rhythmic environment to an arrhythmic one, its
circadian rhythm persists1. Circadian rhythms are evolutionarily conserved, as they are found in
organisms as simple as single-celled cyanobacteria and as complex as trillion-celled mammals2.
This is likely because an organism’s ability to maintain an intrinsic timekeeping mechanism
confers an evolutionary advantage in fitness. For instance, when arrhythmic cyanobacteria are
co-cultured with rhythmic cyanobacteria in a circadian environment, the rhythmic bacteria
outcompete their arrhythmic counterparts3. Similarly, mice and the fruit fly Drosophila
melanogaster, made arrhythmic by exposure to constant light, show impaired stress resistance
and a reduced lifespan4,5. Why is this? It is thought that circadian rhythms may maximize
biological efficiency by allowing organisms to anticipate damage from harmful environmental
stimuli and segregate incompatible processes (e.g., avoid futile metabolic cycles). For example,
proteins involved in nucleotide excision repair peak during the day when exposure to ultraviolet
radiation is most severe6; proteins involved in catabolic glucose metabolism peak during the
active phase, and proteins involved in anabolic glucose metabolism peak during the inactive
phase7. However, circadian rhythms are not limited to cell-autonomous processes. Rather,
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circadian rhythms influence nearly every level of biology, from behavior (sleeping, eating,
migratory patterns, and reproduction8) to physiology (temperature regulation,
melatonin/dopamine release, and insulin secretion9) to biochemical reactions (metabolism,
DNA repair, and gene expression7).

The Circadian Hierarchy
Endogenous circadian clocks in both mice and Drosophila— two of the best
characterized circadian model organisms— are capable of maintaining circadian rhythms
absent external timecues10. Tissue-specific clocks are organized hierarchically, with the "master
clock"— which sets behavioral rhythms—located in the brain. In mammals, the “master clock”
is located in the anterior hypothalamus and is comprised of ~15,000 neurons known collectively
as the suprachiasmatic nucleus (SCN) 11. The SCN aligns circadian rhythms with light input that
is received from the retina and optic chiasm. Similarly, Drosophila also possesses a "master
clock", which is comprised of ~150 neurons12 and also synchronizes to retinal light input13. Like
mammals, ablating Drosophila's central clock neurons results in arrhythmic sleep/wake cycles
and arrhythmic activity patterns12. While the central clock represents an oscillator that
primarily aligns to light cues, peripheral clocks are capable of aligning to additional cues such as
food and physical activity.
The process of biological synchronization to environmental stimuli is known as
"entrainment." Time-giving cues, or zeitgebers, include temperature, light, locomotion, and
feeding activity14,11. However, light serves as the foundational entrainment cue for two reasons.
First, once the SCN has been synchronized to lighting cues, it generates rhythmic autonomic
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and humoral outputs that can directly synchronize some peripheral clocks15. Second, a
consequence of 24-hour activity rhythms are concomitant 24-hour rhythms in feeding and
behavior, which can entrain peripheral clocks16. This phenomenon can be experimentally
demonstrated by subjecting organisms to asynchronous tissue-specific zeitgebers. When mice
are fed only during their inactive phase, nutrient-responsive peripheral clocks entrain to the
time of feeding, while the light-responsive SCN entrains to lighting cues17. Importantly,
asynchronicity between central and peripheral clocks is a risk factor for chronic disease in
humans18 and is sufficient to induce metabolic syndrome (obesity, leptin insensitivity, and
elevations in circulating triglycerides, glucose, and cholesterol) in mice19.

The Molecular Clock
At the molecular level, circadian rhythms are generated by a transcription-translation
negative feedback loop (Fig. 1). In Drosophila, this cyclic molecular loop consists of two
concurrent negative feedback mechanisms. The basic-helix-loop-helix (bHLH) transcription
factors Clock (Clk) and Cycle (Cyc) form the positive limb of the molecular clock and bind as
heterodimers to E-box motifs20. During midday, Clk and Cyc drive the transcription of their
repressors period (per) and timeless (tim), which are downstream of E-box motifs. Levels of per
and tim mRNA peak in the evening20. Around the middle of the night, Period (Per) and Timeless
(Tim) heterodimerize in the cytoplasm, allowing the complex to translocate into the nucleus. In
many Drosophila tissues, Per-Tim nuclear translocation is gated by light. The light-responsive
protein Cryptochrome activates the E3-ubiquitin ligase, Jetlag, which targets Tim for
proteasomal degredation21. Once in the nucleus, Per-Tim acts as its own transcriptional
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repressor. The mechanism by which Per-Tim interacts with Clk-Cyc to prevent its own
transcription is unclear, but nuclear localization of Per-Tim appears to either physically
sequester Clk-Cyc and/or post-translationally modify Clk20.

Figure 1. The molecular clock of Drosophila melanogaster
Diagram of the transcriptional-translational feedback loops of the Drosophila "core clock". A 24h rhythm is generated as period
(per) and timeless (tim) act as the negative regulators of their own transcription by inhibiting the Clock/Cycle (CLK/CYC)
complex. Likewise, vrille (vri) and par-domain protein-1ε (pdp1ε) negatively regulate their transcription via clk inhibition.
Drosophila molecular clock can adjust phase to lighting cues via intrinsically light-sensitive protein, cryptochrome (cry). Upon
light exposure, cry associates with E3 ubiquitin ligase, Jet, which subsequently targets tim for proteasomal degradation.
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In addition to the aforementioned "primary clock loop," Drosophila possesses an
"accessory" feedback loop that is generated by the expression of two leucine-zipper
transcription factors vrille (vri) and par domain protein 1ε (pdp1ε) that regulate the expression
of Clk22. Specifically, Vri inhibits the transcription of clk while Pdp1ε activates its transcription.
Subsequently, clk links the primary and accessory core clock loops. It is thought that the
accessory loop stabilizes the primary loop and contributes to its amplitude 23. This cyclic process
of protein turnover found in the primary and accessory clock loops persists in the absence of
zeitgebers and takes place over approximately a 24-hour cycle. Mammalian circadian rhythms
are generated by a homologous transcriptional-translational feedback mechanism24.

Quantitative Characteristics of Circadian Rhythms and Phase-Shifting
When graphically represented, circadian rhythms follow a sinusoidal pattern, allowing
circadian rhythms to be quantitatively described in terms of "period" (time between waves),
"amplitude" (distance from peak to trough), and "phase" (timing of cycle relative to a fixed
event). For circadian rhythms to anticipate fluctuations in abiotic stimuli, circadian rhythms
must possess the ability to entrain to and shift in response to zeitgebers. When organisms are
confronted with zeitgebers that conflict with endogenous rhythms, the endogenous circadian
machinery can mend its time-keeping such that it re-aligns with environmental cues1,25. This
feature of circadian rhythms can perhaps best be illustrated via "phase response curves".
Phase-response curves are generated by exposing free-running organisms to a zeitgeiber (e.g.
pulse of light, temperature shift, etc.) at various points throughout the day and measuring the
clock’s response. When a zeitgeiber is given during the "subjective day," the phase of the
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circadian rhythm is unchanged. However, if a zeitgeiber is given in the early night, the phase of
the circadian rhythm is shifted backward (i.e. "phase-delay"), and if a zeitgeiber is given late in
the “subjective night,” the phase of the circadian rhythm is shifted forward (i.e. "phaseadvance").
Several studies in rodents and humans indicate that the ability to phase-shift in
response to light diminishes with age26,27,28. Mechanistic studies performed in hamsters indicate
that light-induced signaling within the SCN (discussed in greater detail below) dampens with
age26, although why this occurs is unknown.

Entrainment of the Central Clock from the Retina
Entrainment of the mammalian SCN to light is mediated by intrinsically photosensitive
retinal ganglion cells (ipRGCs)29,30. The axons of ipRGCs form the retinohypothalamic tract,
which monosynaptically innervates the SCN31. Light-induced depolarization of the ipRGCs
results in the release of glutamate and pituitary adenylate cyclase-activating peptide (PCAP) on
the SCN31. Post-synaptic SCN neurons receive PCAP and glutamate via the PAC1 receptor and
NMDA receptor, respectively32. Binding of glutamate onto NMDA results in an influx of Na+ and
Ca2+ in the SCN neuron that in turn opens voltage-gated Ca2+ channels. Ultimately, this
depolarizes the SCN neuron. The activity of the NMDA receptor is potentiated via PCAP 32.
Intracellular cytosolic Ca2+ in the SCN neuron binds to and activates calmodulin, which
subsequently activates calcium-calmodulin kinase II (CaM kinaseII). CaM kinase II activates the
transcription factor CREB, which binds to the period promotor32. This process allows SCN
neurons to shift the phase of the molecular clock in response to light stimuli.
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The primary zeitgeber for the Drosophila central clock is also light, and like mammals,
the fly's central clock can be entrained from ocular light input33. Although the precise
mechanism isn't fully understood, Drosophila's ocular photoreceptors signal communicate light
input to the central clock via histaminergic, dopaminergic, and serotonergic neurons13. A key
distinction between the Drosophila and mammalian central clock is that in Drosophila, light
entrainment of the core clock neurons can be achieved independently from the retina13.
Specifically, central clock neurons can directly receive and respond to light as it passes through
the fly's translucent cuticle encasing the fly brain. A subset of Drosophila's central clock neurons
possesses the blue-light-sensitive photolyase Cryptochrome (CRY) (Fig. 1)34. In addition to CRY,
the fly brain can also entrain to light input via the rhodopsin Rh7, which is intrinsically lightsensitive and is expressed in a subset of Drosophila's central clock neurons35. In summary, the
fly brain can entrain to light by at least the following three distinct light-input pathways—
retinal entrainment, CRY entrainment, and RH7-mediated entrainment.

The Drosophila Eye and Phototransduction Cascade
Drosophila possesses two compound eyes that are each comprised of ~800 regularly
arranged hexagonal units known as ommatidia. Each ommatidium contains 20 cells, eight of
which are photoreceptor cells (R1-R8)36. Each photoreceptor cell contains a characteristic
microvillar structure known as the "rhabdomere," which houses the phototransduction
signaling components. Drosophila vision begins after light has passed through the cornea and
activates a membrane-bound rhodopsin in a photoreceptor cell37. Rhodopsins are comprised of
both a GPCR moiety (opsin) and a chromophore (vitamin A-derived 11-cis 3-hydroxyretinal).
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After light strikes rhodopsin there is a conformational change in 11-cis 3-hydroxyretinal to 11trans 3-hydroxyretinal38. This conformational change results in the formation of metarhodopsin
from rhodopsin, which subsequently activates a phosphatidyl-inositol 4,5 bisphosphate (PIP2)
signaling cascade. Namely, metarhodopsin activates heterotrimeric G-proteins by facilitating a
GDP/GTP exchange on the Gqα subunit. The GTP-bound Gqα subsequently activates a
phospholipase C (norpA or plc21c) that in turn activates the cation channels Trp and TrpL.
Phospholipase is known to hydrolyze PIP2, which yields inositol 1,4,5 triphosphate (IP3) as well
as diacylglycerol (DAG) and a hydrogen ion38. However, it is unclear which PLC product is
responsible for Trp/TrpL activation. Phototransduction is terminated by several mechanisms.
Arrestins can phosphorylate Rhodopsins, which targets them for endocytosis and subsequent
degradation, kinases (such as InaC) can inactivate Trp channels by phosphorylation, and NorpA,
in addition to its role as a phospholipase, acts as a GTPase-activating protein, facilitating the
hydrolysis of GTP on the GTP-bound Gqα 39.

Circadian Rhythms Decline with Age
Across multiple species (including humans, mice, and flies), circadian rhythms decline
with age37. In humans, aging is associated with decreased circadian rhythms in melatonin
secretion, inflammation, and metabolism40. Human aging has also been shown to affect the
expression of several core clock components40. Given this association, the following question
arises— Are changes in circadian rhythms a byproduct of aging, or does the loss of circadian
rhythms drive the aging process? Indeed, there are data suggesting that the latter scenario is
the case. For example, chronic disruptions to circadian rhythms, brought on by late-night light
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exposure and an extended feeding window, are associated with the onset of several agerelated chronic diseases41.
However, the strongest data for arguing that circadian disruptions drive aging come
from model organisms. They have allowed researchers to genetically or environmentally disrupt
components of the core clock and measure its impact on lifespan and health42. Environmental
disruptions—like chronically disrupting lighting conditions, such that the organism becomes
"jet-lagged"— reduces the lifespan and healthspan (the length of time an organism is healthy)
of mice and flies43,44,29. Researchers have noted that the transcriptome from young, chronically
jet-lagged flies resembles that of an aged fly, suggesting that circadian misalignment
accelerates the aging process45,30.
Similar to the consequences of chronic jet lag, many genetic disruptions to the
molecular clock also accelerate aging phenotypes. One of the strongest connections between
clocks and aging come from bmal1 null mice. Compared to a wild-type mouse, bmal1 null mice
have a substantiall reduced lifespan, (average of 37 weeks vs. ~104 weeks in wild-type control),
which is accompanied by several early-onset aging phenotypes. Despite appearing
phenotypically normal at birth, bmal1 null mice soon display early-onset weight loss (reduced
fat, bone, muscle, and organ mass), a reduction in white blood cells, hair loss, and a propensity
for cataracts46,47. Similar to bmal1 null mice, mice with a whole-body mutation in clock, bmal1's
binding partner in the positive limb of molecular clock, have a reduced lifespan and are prone
to cataracts43. However, unlike bmal1 knockout mice, clock null mice are obese and develop
dermatitis43,48. The effects of core clock mutations on lifespan can also be observed in flies. Flies
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deficient in the core clock gene per are short-lived and sensitive to oxidative stressors43. Similar
effects are observed in flies that are deficient in cycle or tim49. However, the reason that clock
mutants are short-lived is unclear.
Despite the interconnectedness of the core molecular clock, an organism's response to
loss-of-function mutations affecting its core clock appears to be context-dependent, as certain
mutations of the molecular clock have varying tissue- and development-specific consequences.
For example, when Yang et al. (2016) waited until mice were 5 months old to knockout bmal1,
no reduction in lifespan was observed, and only some of the early-onset aging phenotypes were
conserved50. When Wang et al. (2016) knocked out the clock component per2 in mice, mice
were protected from age-related DNA damage in their lymphoid cells, and their lifespan was
extended51. Notably, unlike clk and bmal1 mutants, which are arrhythmic under constant
conditions, per2-null mice retain a weak circadian rhythm with a shorter period 52. This
complicates the comparison amongst various clock mutants, as one must consider both the
impact the mutation has on an organism's rhythmicity and on transcriptional output.
One proposed mechanism for why aging disrupts circadian rhythms focuses on the aging
of the human eye. As humans age, there is a gradual thickening and yellowing of the lens53.
Consequently, there is less light input into the SCN, particularly short-wavelength light54, which
is especially potent in setting the phase of the molecular clock. It is estimated that age-related
eye dysfunction reduces the amount of light that reaches the retina by 1% each year after the
age of 1855. One approach to augment the retina's exposure to light and bolster circadian
rhythms with age has been "blue light therapy" and "bright light therapy." These interventions,
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as the names suggest, expose subjects to bright, and often blue, light in the morning. Light
therapy has shown a modest success in improving the circadian rhythms of older individuals
and partially alleviating their symptoms of depression and insomnia54. Light therapy has also
been shown to improve motor defects in a mouse model of age-related neurodegenerative
disease56.

Dietary Restriction as an Anti-Aging Intervention that Enhances Circadian Functions
Our laboratory has shown (Katewa et al., 2016) that dietary restriction (DR), the
selective reduction of certain macronutrients without malnutrition, extends Drosophila's
lifespan and enhances their circadian rhythms57. Flies on DR have an enhanced amplitude in the
expression of their core clock genes57. Notably, DR affects the circadian amplitude of the fly's
fat body, the functional equivalent to the liver in the fly. Flies on DR have enhanced fatty acid
metabolism, owing to enhanced cycling of their fat body clocks, which target key fatty acid
oxidation enzymes57. Like flies, mice on caloric restriction (CR, a total reduction in calories
across all macronutrients) also show enhanced circadian amplitude in their core clock gene
epxression58 and enhanced fatty acid metabolism59. Sato et al. (2017) examined the circadian
transcriptome in the liver of both old mice and young mice on CR or a high-nutrient ad libitum
diet. They observed that the transcriptome of an old, CR-fed mouse partially reverted back to
that of a younger mouse60.
Recent data suggests that the core molecular clock plays an inextricable role in dietary
and caloric restriction's ability to extend lifespan. Previously, our lab has reported that flies
made arrhythmic—either through exposure to constant light or genetic disruption to the core
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clock— fail to show a lifespan extension on DR60. Similarly, mice deficient in core-clock
components are refractory to the health-promoting effects of caloric restriction15. Why
circadian rhythms are seemingly required for achieving the benefits of DR and CR remains
unclear. Evidence in the fly suggests that DR-mediated lifespan extension requires flux through
fatty acid oxidation57, and since circadian rhythms regulate fatty acid oxidation, disrupting the
circadian rhythm eliminates the life-extending benefits of DR. Lifespan extension under DR or
CR conditions also requires a reduction in the signaling from the mechanistic target of
rapamycin (mTOR)61. bmal1-deficient mice have constitutively elevated mTOR signaling, even
when placed on CR 62,63, which likely accounts for why Bmal1-deficient mice fail to show a
lifespan extension on CR. Whether arrhythmic flies show a similar mTOR phenotype is unknown.
The Nutrient-Clock Connection
How nutrient cues are communicated to the clock is an active area of research, and
several mechanisms have been described. Chang and Gaurente (2013) have demonstrated that
nutrients can regulate core clock genes through the redox cofactor nicotinamide adenine
dinucleotide (NAD+) and the NAD+ dependent deacetylases, Sirtuins (Sirt). Organisms on DR (or
CR) have increased levels of NAD+, owing to elevated levels of mitochondrial respiration, and
subsequently increased Sirt activity58,64. In mice, Sirt1 deacetylates and thus activates the
transcription factor PGC-1alpha65, which subsequently binds the bmal/clk promoter. In doing so,
Sirt1 drives the amplitude of the core clock within the SCN66 of mice. Whether a similar
mechanism exists in other tissues, or in Drosophila, has yet to be determined.
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Recently, a study published by Crosby et al. (2019) has shown that insulin/insulin growth
factor-1 (IGF-1) acts as a primary signal for time-of-feeding in many tissue types in mammals67.
Using a combination of in-vitro and in-vivo techniques in mice, this group has shown that
insulin/IGF-1 acts through mTOR, which phosphorylates S6K and 4EBP, a positive and negative
regulator translation, respectively, to induce the translation of per. In turn, insulin/IGF-1induced Per sets the phase and amplitude of the circadian clock67.

Rationale of current study
The goals of this project were twofold: (1) to elucidate the mechanisms by which dietary
restriction (DR) influences the amplitude of the molecular clock and prevents its age-related
decline, and (2) to identify physiological processes that are enhanced by DR and determine
their relationship to the molecular clocks. To first address this question, our laboratory
performed a circadian whole-transcriptome mRNA microarray on flies that were reared on
either a high-nutrient ad libitum (AL) diet or under DR conditions (Katewa and Hodge,
unpublished). These diets differed only in their yeast concentration, with AL containing 5%
yeast extract and DR containing 0.5%. Wild-type (Canton S.) flies were subjected to both these
diets and housed in a 12-hour light:12-hour dark cycle for eight days. On the eighth day, RNA
was isolated from whole-fly homogenates at 4-hour intervals over the span of 24 hours, and
microarray analysis was performed. The JTK_CYCLE circadian statistical package66 was used to
characterize the circadian rhythmicity of 24-hour oscillations in gene expression (Hodge,
unpublished). Analysis of the circadian transcriptome revealed a near doubling of circadian
transcripts upon DR (Fig. 2a; Hodge, unpublished). Furthermore, the circadian genes that were
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enriched were those that are involved in detection of light stimulus (Fig. 2b; Hodge,
unpublished). This suggests that the enhanced circadian rhythms that are observed in flies on
DR might be due to an enhanced ability to sense light.
Here we report that flies maintained on DR were behaviorally more responsive to light
throughout their lifespan, indicating a delayed rate of visual decline. The fly eye appears to be
directly responsive to nutrient signaling cues, as inhibition of TOR within the eye enhanced the
phototaxis of flies, especially those maintained on a high nutrient diet. DR's ability to enhance
light response required the molecular clock factors clk and pdp1. Furthermore, we confirmed
that light is required for DR to enhance circadian amplitude both in heads and bodies of the fly,
and depolarizing the eye is sufficient to rescue the circadian amplitude.

15

Figure 2. DR and AL circadian heat maps and enriched Gene Ontology terms in DR
(A) Heat maps of circadian genes from flies AL or DR, showing relative expression over 24h. AL flies identified as having 868
circadian transcripts and DR flies identified as having 1911 circadian transcripts. Circadian genes were identified with the
JTK_CYCLE algorithm with a circadian p-value cutoff of <0.05. (B) Top eight enriched GO terms identified from DR circadian
genes from six different phases throughout the day (CT 0, 4, 8, 12, 16, 20). (Figure courtesy of Brian Hodge).
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Research Design and Methods
______________________________________________________________________________

Fly stocks and genotypes
Fly stocks were obtained from the Bloomington Drosophila Stock Center (Bloomington, Indiana)
unless otherwise indicated. We used the following wild-type stocks: Oregon R. (BL# 25125),
w1118 (BL# 3605), and Canton S. (BL64349). For tissue-specific gene modulation we used the
following stocks: Pdf-Gal4 (P{w[+mC]=Pdf-GAL4.P2.4}X, y[1] w[*]) (BL#: 6899), Rh1-Gal4
(P{ry[+t7.2]=rh1-GAL4}1; ry[506]) (BL#: 8688), GMR-Gal4 (w[*]; P{w[+mC]=GAL4-ninaE.GMR}12
(BL#: 1104), Elav-Gs (y[1] w[*]; P{w[+mC]=elav-Switch.O}GSG301) (BL#: 43642). The following
mutant alleles were tested: clkOUT (w*;[ClkOUT])(BL#:56754), pdp1-313557. The RNAi lines
tested were created from the Transgenic RNAi Project (TRiP) described previously68. The
following RNAi stocks were used: UAS-Clk-TRiP (y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMJ02224}attP40) (BL#: 42566), UAS-Pdp1-TRiP (y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS02030}attP40) (BL#: 40863), UAS-TOR-TRiP (y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS00021}attP2) (BL#: 33627). The following overexpression lines were used:
UAS-Opto (w[1118] P{y[+t7.7] w[+mC]=20XUAS-IVS-CsChrimson.mVenus}attP18) (BL#: 55134),
UAS-GFP69 (w*;UAS-GFP), UAS-Rpr (w[1118] P{w[+mC]=UAS-rpr.C}27) (BL#: 5823).
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Fly husbandry and survival assays
Survival assays were performed as described previously58. Briefly, a 96h embryo collection was
performed in 8oz polystyrene fly bottles with 15-25 females and 3-7 males. Ten days after
embryo collection, mated adult female flies were transferred to AL or DR fly food. Fly food was
prepared using the following three ingredients: yeast extract (Genesee Scientific; San Diego,
Cali), corn meal (Quaker; Chicago,Illinois), and sucrose (C&H Sugar; Crockett, California). AL diet
contains 5% yeast extract while DR contains 0.5% yeast extract70. Flies were maintained at 25°C,
60% humidity. Flies exposed to white light were maintained at a 12h:12h light:dark cycle at
~500lux. Flies exposed to 12h:12h red light:dark cycle received ~10lux for the entirety of their
lifespan. Each survival assay was performed starting with a total of 200 flies per genotype per
diet, with eight vials of 25 flies/vial. Flies were transferred onto fresh food every 48h, at which
point deaths were also recorded.

Phototaxis Behavior
Phototaxis behavior was measured using an adapted protocol from Vang et al. (2014)57 (Figure
3). Eight groups (10-25 flies/group) of flies were each placed in a separate 2.5cm x 20cm tube
created from three enjoined narrow fly vials (Genesee Scientific) and dark-adapted for 15
minutes prior to light exposure. Flies were gently tapped to the bottom of the tube, placed
horizontally on table, and exposed to white light from an LED strip (Ustellar; San Francisco,
California). A gradient of light intensity was created with 500lux at the nearest point in the fly
tube from the light source and 150lux at the furthest point in the tube from the light source.
Phototaxis activity was recorded by video. Positive phototaxis was scored manually as the
percentage of flies that had traveled >19cm toward the light source in three 15s intervals.

18

Phototaxis index represents the area under the curve from the positive phototaxis score. To
control for light-independent wandering activity, positive phototaxis was scored with the LED

Figure 3: Diagram of phototaxis assay
Phototaxis was recorded by measuring the percentage of flies that traveled greater than
19cm toward a fixed light source (I). We calculated this percentage at 15s, 30s, and 45s (II).
From this, we calculated the area under curve, which represents the “phototaxis index” that
is displayed in the proceeding figures (III).

light source placed in parallel to the tube, such that all parts of the tube were equally
illuminated (500lux). To control for differences in locomotor activity, negative geotaxis was
measured after each round of phototaxis. This was achieved by placing tubes vertically with an
ambient light source, gently tapping the flies to the bottom of the tube, and recording the
percentage of flies that climbed >19cm in 30s. Age-related recordings of phototaxis behavior
ended when data became confounded by differences in ambulation. Two-tailed student t-test
was to determine statistical significance between groups of flies.
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Real-time quantitative reverse transcriptase PCR (qRT-PCR)
RNA was extracted from 20-45 flies (heads or bodies as indicated) per genotype per diet using
an RNA isolation kit (Zymogen; Emryville, California) according to manufacturer’s specifications.
Extracted RNA was treated with DNAse I (Zymogen) prior to reverse transcription using iSCRIPT
cDNA synthesis kit (BioRad;Hercules, California). To generate cDNA, 1μg of RNA was used for
both head and body samples. Quantitative PCR was performed in 10μL reactions using
SensiFast SYBR (Bioline; London, UK) reaction mix. Each reaction contained 1μM primers, 1X
SensiFast SYBR, and 1:100 dillution of cDNA. Reaction underwent 40 cycles and delta delta CT
method was used to normalize gene expression values to housekeeping gene (as indicated) and
nadir of expression.
Table I. Primers for PCR
Gene Name

Forward Primer (5’ to 3’)

Reverse Primer (5’ to 3’)

pdp1

AGGATCATCGGGAACCATGGACAA TGCCCGAATCATTGCTGCTAACAC

tim

GGCGAATGGTTTGACATCCACCAA

GTGCTTCTGCTGAGGCGTTTCAAT

trp

CTC CTG CTC CTA CAT GTT CTT C

GGT CAG CAT CCA GGG AAA T

inaC

CTA CAC CAC ACC GAC ATT CT

CAG GCG TGA TGC ACA TTT AG

trpL

GAGCACGAGGAGCTTATCTACA

TCCAACAGAATCCGAAGTATCTC

rp49

CCA CCA GTC GGA TCG ATA TG

CAC GTT GTG CAC CAG GAA CT

Recording of Locomotor Activity
Circadian locomotor activity was recorded using the TriKinetics (Waltham, Massachusetts) LAM25H apparatus. Populations of flies were housed in a clear vial (1 cm x 1 cm x 4.5 cm in height)
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containing 10-25 flies with ~5mL of AL or DR food as indicated. The LAM-25H system employs 3
infrared sensors that radially span the bottom, middle, and top of the fly vial. Activity is scored
when one of the beams is broken by a fly. Each actogram represents at least 8 vials of flies of
each genotype under each condition. Fly activity was recorded in 10-minute bins as the sum of
recordings from the three sensors over the indicated time frame. Data was collected using the
DAMSystem3 software (Trikinetics) and actograms were created using Actogram J, an opensource plugin for ImageJ.

Eye Images
Protocol for eye-imaging was described previously71. To briefly summarize, adult, mated female
flies were maintained on AL or DR for either 2 or 33 days, as indicated. Flies were frozen on dry
ice, mounted on a slide with clear nail polish, and then live-imaged for GFP using a Leica
(Wetzlar, Germany) M205 scope. GFP was expressed in the fly eye using the Gal4/UAS binary
expression system72. Images were taken at 20X and processed identically using ImageJ software.
Fluorescence was scored using the previously described 'corrected total cell fluorescence
method' 73. Briefly, pixel intensity of the eye was determined via ImageJ and normalized to the
background of the image.
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Results
______________________________________________________________________________

Dietary restriction enhanced behavioral response to light and delayed its age-related
decline
Given that the circadian microarray data indicated that, under dietary restriction (DR)
conditions, the genes involved the phototransduction cascade increased in expression (see Fig.
2), we set out to test whether flies on DR were also behaviorally more responsive to light. To do
so, we used an adapted phototaxis assay from Vang et al. (2016)57. Adult, age-matched, mated
female flies were sorted onto either a high-nutrient 5% yeast ad libitum (AL) diet or a lownutrient 0.5% yeast (DR) diet, and phototaxis recording began two days later. We found that
the wild-type strains, Canton S. and Oregon R., both displayed an enhanced behavioral
response to light when maintained on DR (Fig.4a and suppl. Fig 3a and 4a). Notably, dietdependent differences were neither observed in climbing ability nor wandering activity in the
aforementioned strains during the time frame that was tested (data not shown).
As with humans, flies experience a loss in visual function as they age74. Because DR has
been shown to extend lifespan and promote health, we also tested whether DR slowed agerelated declines in positive phototaxis. Indeed, both Canton S. and Oregon R. fly strains
maintained on DR remained behaviorally responsive to light for longer than their AL
counterparts (Fig. 4a). Canton S. flies on DR showed a statistically significant enhancement in
phototaxis on days 6-18 (p<0.005, 0.005, 0.05, and 0.0005 respectively); Oregon R. flies on DR
followed a similar trend, also showing a statistically significant enhancement in phototaxis on
days 6-18 (p<0.0005, 0.0005, 0.0005, 0.0005).
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To examine whether the eye is responsive to nutrient cues, we modulated the
expression of the nutrient-responsive target of rapamycin (TOR) signaling cascade within the
eye. When we knocked down TOR in the Drosophila eye by RNAi, we observed enhanced
phototaxis in flies, especially those reared on AL, which partially mitigated its age-related
decline (sup. Fig 2a). Conversely, when we overexpressed the protein, Ras homolog enriched in
brain (Rheb), in the fly eye, a G protein that positively regulates TOR activity, we observed
dampened phototaxis with age in flies reared on both AL and DR (sup. Fig 2b). Together, these
data suggest DR enhances flies' light-sensing behavior and prevents its age-related decline, at
least partially by the TOR signaling cascade that occurs within the eye.
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Figure 4: Dietary restriction enhances Drosophila’s behavioral response to light, circadian expression of phototransduction
genes, and prevents retinal degeneration with age.
(a) Phototaxis was measured in age-matched Canton S. and Oregon R. wild-type flies reared on DR (blue) or AL (red). Each
experiment was independently repeated 2-3 times with 140-480 flies/genotype/diet/timepoint. P-values were generated from
two-tailed student t-test comparing AL and DR values from each timepoint. Canton S. showed statistical significance at days 6,
10, 14, and 18 (p<0.005, 0.005, 0.05, and 0.0005 respectively); Oregon R. showed statistical significance at days 6, 10, 14, and
18 (p<0.0005, 0.0005, 0.0005, and 0.0005 respectively). (b) Representative graphs of circadian amplitude of trp, trpl, and inac
mRNA expression. mRNA extracted and pooled from 30-50 fly heads/diet from age-matched 8-day-old flies reared on 12h:12h
light:dark on AL or DR. The mRNA was collected at 4h intervals over the span of 24h. Data were normalized to housekeeping
gene, rp49, and trough of gene expression (zt 4 for trpl and trpl; zt 12 for inac). (c) DR enhances GFP expression in eyes of
Drosophila on DR. Flies expressing GFP from the eye-specific promoter, gmr (GMR(12)>GFP) were reared on AL or DR and
collected after 33-days for image analysis via ImageJ software. Fluorescence intensity was scored in the eye and normalized to
background image flourescence. AL and DR values were significantly different as compared via two-tailed student t-test
(p<0.0005).
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Dietary restriction enhances the circadian amplitude of light response genes

To validate the gene expression changes that were observed in the circadian microarray
shown in Figure 1, we performed a series of real-time quantitative reverse transcriptase PCR
(qRT-PCR) experiments. We measured the circadian amplitude of three genes involved in the
phototransduction cascade in flies on AL and DR— the calcium channel genes, trp and trpL, and
the eye-specific protein kinase C (inac) (Fig. 4b). We chose to examine the expression of TRP
channels because the functionally redundant upstream phototransduction signaling
components (i.e. the various rhodopsins, phospholipases, etc.) converge in their signaling
cascade to activate the non-redundant TRP channels68. We chose to analyze Inac because it is a
negative regulator of TRP channels and protects against retinal degeneration75. The circadian
expression of these genes was measured in heads from 8-day-old wild-type Canton S. flies
housed in 12h:12h light:dark conditions. Consistent with the microarray, the circadian
amplitude of mRNA expression from all three phototransduction genes increased on DR. The
expression of both calcium channels TRPL and TRP peaked at Zeitgeiber time (ZT) 16, with a ~6fold change in expression for trpL and a ~350-fold change in expression for trp (Fig. 4b). The
trough of expression for trpL was at ZT0 while the trough of expression for trp was at ZT4.
Analogous peaks in expression were not observed in flies maintained on AL. In flies maintained
on DR, inac mRNA expression peaked at ZT8 with ~11-fold change in expression, and its trough
in expression was between ZT12 and 16. Conversely, when flies were maintained on AL, inac
expression peaked at ZT4 with a ~9-fold change in expression, and its trough of expression was
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at ZT16 (Fig 4b). These data suggest that (1) DR enhances the amplitude of mRNA expression of
three critical light response genes and (2) there is diet-dependent phase regulation of inac.
To examine whether DR protects against age-related retinal degeneration, we
quantified fluorescence in the eyes of flies expressing from the eye-specific promoter gmr
(GMR(12)>GFP). For this effort, we used an adapted protocol from Todi et al. (2014) 76, which
uses loss of GFP signal from the eye as a surrogate marker for retinal degeneration. After 33
days on either AL or DR, we observed that flies on DR had significantly more GFP expression in
their eyes (Fig. 4c); however, a significant difference in GFP signal was not observed in two-dayold adult flies maintained on AL or DR (sup. Fig. 3c). Together, this suggests that DR protects
flies from age-related photoreceptor cell degeneration.

DR requires the molecular components clk or pdp1 to enhance age-related light
response

In our circadian microarray (Fig. 2), we observed that light response genes lost their
circadian rhythmicity in tim mutant flies, which indicates these genes are influenced by the
molecular clock (data not shown). Furthermore, flies harboring the mutant clock allele clkJRK
lost circadian rhythms in their electroretinograms, indicating that the clock controls the eye's
physiological responsiveness to light77. We screened the core clock factors to test whether they
influenced DR-mediated improvements in phototaxis (Fig. 5 and sup. Fig. 3) and found that the
positive limb clock factor clk, and the accessory loop factor pdp1, abrogated DR's ability to
delay age-related visual decline. Flies harboring the null clock allele clkOUT failed to show
consistent improvements in phototaxis behavior upon DR (Fig. 5a). Surprisingly, DR's ability to

26

enhance the lights-on startle-response was unaffected by clkOUT (sup. Fig 2c). This suggests
that DR's ability to affect the lights-on startle-response is primarily driven by extraocular light
sensors, likely Cry76. We were able to reproduce this result with the amorphic allele, pdp1-3135
(sup. Fig. 3a).
To test whether clocks in the eye play a role in DR-enhanced phototaxis, we used the
eye-specific driver Rh1-Gal4 to knock down pdp1 in Rh1 positive photoreceptor cells
(Rh1>Pdp1-TRiP). This intervention accelerated the age-related decline in phototaxis behavior
in flies on DR but had a minimal effect in flies fed AL (Fig. 5a). By day 18, Rh1>Pdp1-TRiP flies
had a significantly dampened responsiveness to light compared to their control (Rh1>TRiP)
(p<0.0005). To rule out the possibility that what we were observing was an artifact from
disrupting the eye during development, we used a drug-inducible system78 to pan-neuronally
knockdown pdp1 by RNAi in adult flies (Elav-Gs>Pdp1-TRiP). Consistent with our Rh1 results,
this intervention accelerated the age-related loss of vision in flies maintained on DR (Fig 5a).
Statistically significant differences in phototaxis behavior were observed on days 18 and 34
(p<0.05, 0.005) but not at earlier timepoints tested. Given that the molecular clock
components period and timeless negatively regulate clock, and indirectly negatively regulate
pdp1 (Fig. 1), we predicted that knocking down period and timeless would enhance clock
expression, thereby enhancing phototaxis. Consistent with this prediction, we observed that
pan-neuronally knocking down period in adult flies (Elav-Gs>Per-TRiP) trended toward
improving phototaxis in flies on DR, especially at later timepoints (sup. Fig 3b). Surprisingly, a
similar effect was not observed from a pan-neuronal knockdown of tim (Elav-Gs>Tim-TRiP) (sup.
Fig 3b).
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To determine whether the clock influenced the amplitude of light response genes in flies
on DR, we measured the expression of trp and inac by RT-qPCR in flies expressing an eyespecific RNAi against clk (GMR>Clk-TRiP). We found that both trp and inac, in GMR>Clk-TRiP
flies maintained under DR conditions, lost their amplitude in mRNA expression, as neither the
trp peak at ZT16 nor the inac peak at ZT8 were observable (Fig 5b). Similarly, clkOUT flies
failed to show trp and trpL mRNA expression between ZT0 and 12 (Fig. 5c). These results
support the notion that DR-mediated improvements in light-response gene expression require
the molecular clock.
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Figure 5: Whole-body and eye-specific clock disruption abrogates DR-mediated enhancement to light response and accelerates
visual decline.
(A, Left) Flies expressed either control RNAi (Rh1>TRiP, a spurious RNAi against RFP) or RNAi against pdp1(Rh1>Pdp1-TRiP) from
the eye-specific Rh1 promoter. Phototaxis behavior showed statistically significant difference between TRiP control and Pdp1TRiP on DR at day 18 (p<0.0005 as measured by two-tailed student t-test) and on AL at day 6 (p<0.05 also measured by twotailed student t-test). Each experiment was independently repeated 1-2 times, and each graph represents 160-320
flies/genotype/diet/timepoint . (A, top right) Whole-body clock null flies, ClkOUT, were measured for phototaxis behavior.
Slight increase in phototaxis behavior was observed on DR at day 18 (p<0.05 as measured by two-tailed student t-test).
Experiment was repeated 3x, with an overall count of ~480 flies/diet/genotype/timepoint. (A, bottom right) Pan-neuronal
knockdown of Pdp1, induced in adulthood, accelerates age-related visual decline upon DR. Flies expressed drug-inducible
(Ru486) RNAi against Pdp1 from the pan-neuronal promoter, elav. Isogenetic control flies (DR cntrl.) reared in absence of drug;
experimental flies (DR Pdp1-TRiP) reared from adulthood on 200mM Ru486, which induced expression of RNAi against Pdp1
showed statistically significant difference in phototaxis on day 18 and 34 (p<0.01 and 0.0005 respectively, as measured by
student t-test). (B) Circadian amplitude of trp and inac mRNA expression in eye-specific clock knockdown (GMR>Clk-TRiP). Flies
expressing RNAi against clock fail to show DR-mediated enhancement to amplitude of trp and inac in heads, as compared to
Canton S. wild-type control (WT). mRNA extracted and pooled from 30-50 fly heads/diet from age-matched 8-day-old flies
reared on 12h:12h light:dark on AL or DR. The mRNA was collected at 4h intervals over the span of 24h. Data were normalized
to housekeeping gene rp49 and trough of gene expression (4 hours for trp and 12 hours for inac). (c) ClkOUT flies fail show DRenhanced circadian amplitude of mRNA expression of trp and trpl, as compared to wild-type control. mRNA extracted and
pooled from 30-50 fly heads/diet from age-matched 8-day-old flies reared on 12h:12h light:dark on AL or DR. Error bars
represent technical variation of samples.
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The DR-dependent enhancement of phototaxis does not rely on cryptochrome, Rh7,
or the central clock
Unlike mammals, Drosophila's clocks can entrain to lighting cues independent of the
retina79. Two extra-ocular light input pathways involve the molecules Cryptochrome and the
rhodopsin Rh7. Cryptochrome is a light-sensitive flavoprotein that can entrain the fly’s
molecular clock to lighting cues and is also directly involved in the phototransduction cascade in
the fly eye80. Similarly, Rh7 is a brain-specific rhodopsin that is expressed in a subset of
Drosophila's core clock neurons and also responds to light 36. Given our observation that DRdependent enhancements to phototransduction depend on clk, we sought to determine
whether this DR-dependent enhancement might be influenced by these extra-ocular pathways.
To test the role of cryptochrome in DR-enhanced phototaxis, we tested three mutant
cry alleles: cry01 and cry02, two null alleles, and cryB, a hypomorphic allele35,79. All three cry
alleles exhibited statistically significant DR-mediated increases in positive phototaxis, most
prominently after day 2 (sup. Fig 2a); cry02 showed the most consistent effect (sup. Fig 2a).
Both cry01 and cryB lost DR-mediated improvements to their lights-on startle response (sup.
Fig 2c) which is consistent with previous reports that implicate these proteins in this
phenotype81.
To test the role of the central clock in DR-mediated improvements in phototaxis, we
ablated pigment dispersing factor (Pdf) positive neurons, which play a role in the
synchronization of the central clock neurons, and tested whether phototaxis in these flies was
still enhanced upon DR82. To ablate Pdf positive clock neurons, we used the binary Gal4-UAS
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system to overexpress the pro-apoptotic protein, Reaper (Rpr)83, in Pdf-expressing cells
(Pdf>Rpr). Similar to the GFP overexpression control (Pdf>GFP), Pdf>Rpr flies on DR maintained
a statistically significant improvement in phototaxis on days 10,14, 18 (Pdf>GFP: p<0.005,0.005,
and 0.005; Pdf>Rpr: p<0.05,0.005,0.005) (sup. Fig 2b). Directly comparing Pdf>GFP phototaxis
to Pdf>Rpr phototaxis reveals that Pdf expressing neurons are not required for DR to
behaviorally enhance flies response to light, since on day 6 there was even a small (but
statistically significant) improvement in phototaxis in Pdf>Rpr flies maintained on DR (sup. Fig
2b). Consistent with previous reports36, ablating Pdf positive cells enhanced the evening peak in
activity, and we found this to be especially pronounced in flies maintained on DR (sup Fig. 2c).
Fortunately, ablating Pdf positive cells not only allowed us to test whether central clock
synchronization is required for DR-enhanced phototaxis, but it also allowed to us to indirectly
test the contribution of the extra-ocular light sensor Rh7, as Rh7's expression is confined to Pdf
positive cells84. Taken together, our Pdf>Rpr data suggest that neither central clock
synchronization nor Rh7 are required for enhanced phototaxis in flies maintained on DR.

DR requires light to enhance circadian amplitude

Given that we observed enhanced light response gene expression and phototaxis
behavior in flies maintained on DR and that light is a potent zeitgeber for the molecular clock,
we hypothesized that enhanced light-sensing drives circadian amplitude under DR conditions.
To test this, we sorted adult, mated Canton S. female flies onto AL or DR and housed them in
either a 12h:12h light:dark cycle (LD) or constant darkness (DD). After 8 days of the lighting
regimen, we collected flies at 4h intervals over the span of 24h. We extracted RNA from both fly
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heads and bodies and measured pdp1 and tim to assess the effect of light on circadian
amplitude. As Fig 6 demonstrates, pdp1 expression peaks in the heads of flies maintained on
either AL or DR housed in an LD cycle at ZT16. Consistent with our previous findings, the
expression level was 2-fold higher in the DR population compared to the AL population. We
found that only the bodies of flies maintained in LD on DR showed a peak of pdp1 expression
(~6-fold increase) at ZT16. Strikingly, flies maintained in DD showed no increase in pdp1
expression, regardless of diet. (Fig. 6a, sup. Fig 4b). Indicating that light is required for DR to
enhance circadian amplitude of pdp1.
In addition to pdp1, we also tested the effect of DD on the negative limb factor tim. We
observed the amplitude of tim mRNA expression to peak at ZT16 in both heads and bodies of
flies maintained on either AL or DR (Fig. 6b). Flies on maintained on AL exhibited ~20-fold
increase in tim mRNA expression in their heads and ~1.5-fold increase in expression in their
bodies, whereas flies maintained on DR showed ~80-fold increase in expression in their heads
and ~3.5 fold-increase in expression in their bodies. Again, these increases in tim mRNA levels
were completely abolished in both heads and bodies of flies maintained in DD (Fig. 6b).
Given our data showing that the circadian amplitude of light response genes is lost in
clock mutant flies (Fig. 2b), and circadian amplitude is lost in the dark, we predicted that flies
reared in constant darkness would also lack amplitude in their light response genes. Consistent
with this prediction, we observed that flies maintained in constant darkness on DR lost their
circadian amplitude in trp expression (Fig. 3c): In the heads of flies maintained in LD on DR,
there was ~350-fold change in TRP expression at ZT 16T; this was completely absent in the
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same flies maintained in DD (Fig. 3c). These findings are in accordance with our assertion that
DR works through clocks to enhance the expression of light response genes.
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Figure 6: Light is required for dietary restriction to enhance circadian amplitude
(A) Circadian amplitude of pdp1 mRNA expression from heads and bodies of Canton S. flies reared in LD or DD on AL or DR.
mRNA extracted and pooled from 90-150 fly heads or bodies/diet from age-matched 8-day-old flies reared on 12h:12h
light:dark (LD) or constant darkness (DD) on AL or DR. mRNA collected at 4h intervals over the span of 20h. Data normalized to
housekeeping gene, rp49, and trough of gene expression ( 4 hours). (B) (C) Circadian amplitude of trp in flies reared on AL or
DR in LD or DD.
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Effect of time-restricted feeding and oscillating temperature on circadian amplitude in
constant darkness
In addition to light, we also tested two additional zeitgeibers for their impact on
circadian amplitude in flies maintained on DR in constant darkness (DD)— access to food (i.e.
time-restricted feeding, TRF) and temperature. Given our observation that the activity pattern
of flies maintained on DR in DD becomes arrhythmic (sup. Fig. 4a), we suspected that disrupted
feeding patterns might account for the loss of amplitude observed in DD. Furthermore, a
previous study in mice showed that limiting food access (i.e. TRF) to mice kept on a high-fat diet
enhances their peripheral circadian amplitude84. To test whether the same is true in flies, we
imposed an eight-day TRF paradigm by restricting food access to a 12h window during the
active phase of wild type Oregon R. flies maintained in LD or DD cycles under AL or DR. As a
control, we had an identical cohort of flies that was given 24-hour access to food (ALF). On the
eighth day, flies were collected at 4h-intervals for 24h. mRNA was extracted from both heads
and bodies, and pdp1 expression was measured as a readout for circadian amplitude. Like
Canton S., Oregon R. wild-type flies also show a peak in pdp1 expression at ZT16 that was
enhanced by DR in both heads and bodies (sup Fig. 4b). Surprisingly, TRF imposed on these flies
maintained in LD diminished DR-enhanced pdp1 amplitude in both heads and bodies (sup. Fig.
4b); however pdp1 expression in AL-fed flies was relatively unaffected (sup. Fig 4.). Thus, unlike
mice, TRF on flies under both AL or DR conditions failed to enhance their peripheral amplitude
(sup Fig 4b). TRF also failed to rescue circadian amplitude at 16 hours in all flies maintained in
DD (sup. Fig. 4b). However, an additional peak can be observed at 8 hours for the flies
maintained under DR conditions, which we suspect reflects feeding behavior due to TRF.
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Because TRF fails to rescue peripheral amplitude in flies maintained in DD, we find it unlikely
that feeding behavior accounts for diminished circadian amplitude.
There is a growing body of literature showing that many of the phototransduction
components are also involved in temperature-sensing in the fly85,86. Because we observed that
the mRNA expression of many phototransduction components is enhanced in flies maintained
on DR (Fig. 2), we wondered whether DR flies would also have an enhanced ability to entrain to
oscillations in temperature. Given the purported redundancy between temperature- and lightsensing signaling components, we also speculated that temperature oscillation would rescue
the loss of circadian amplitude observed in flies maintained in DD. Furthermore, flies' molecular
clocks can cell-autonomously entrain to daily fluctuations in temperature, and circadian
oscillations in temperature have been shown to rescue amplitude in aged flies 87. To test the
effect of temperature on circadian amplitude, we imposed a 12h:12h 30°C:20°C temperature
cycle (OT) on adult, mated Oregon R. female flies. We maintained these flies in LD or DD and, as
a control, we had an identical cohort of flies that were maintained at a constant temperature of
25°C. After 8 days of this regimen, flies were collected at 4h intervals over the span of 24h, and
mRNA was extracted from their heads and bodies.
Under LD conditions, we found that OT phase advanced the peak pdp1 expression from
ZT 16 to ZT 12 in both heads and bodies of flies on DR (sup. Fig. 4c). Unexpectedly, OT
diminished circadian amplitude in the heads of flies maintained on DR but slightly enhanced
amplitude in their bodies (sup. Fig. 4c). DR heads showed a 40-fold decrease in pdp1 expression
under OT compared to DR heads under CT. DR bodies showed a 1.2-fold increase under OT

36

compared to DR bodies under CT. These effects were not observed in flies maintained on AL.
Under constant darkness (DD), OT failed to rescue the circadian amplitude in DR heads,
although it partially rescued amplitude in DR bodies (sup. Fig. 4c). We believe these data
support our initial hypothesis that flies on DR are especially sensitive to circadian fluctuations in
temperature, perhaps due to enhanced expression of phototransduction signaling components.

Retinal depolarization is sufficient to enhance circadian amplitude in flies
Given our data supporting the role of the eye in mediating DR-enhanced phototaxis (Fig.
2, 4, and sup. Fig 3) and the essential role for light in driving DR-enhanced circadian amplitude
(Fig. 5 and sup. Fig. 4), we sought to determine whether these effects are a direct consequence
of light-induced retinal depolarization. To test this, we used the UAS-Gal4 system to express a
heterologous red light-sensitive cation channel in Rh1-positive photoreceptor cells
(Rh1>Opto)88,89. This channel is sensitive to wavelengths of light >700nm, which are largely
outside the range of flies' endogenous rhodopsins90. This allowed us to depolarize the eye
independently from the fly's canonical phototransduction cascade; in doing so, we could isolate
light-sensing in the eye from light-sensing in the body, the latter of which can also affect
Drosophila's peripheral clocks91. We sorted adult, mated Rh1>Opto flies onto AL or DR food and
housed them in a 12h:12h red light:dark cycle (RLD). As a control, we housed Rh1>GFP flies in
an identical environment.
Compared to the GFP control, Rh1>Opto flies had enhanced circadian activity patterns
that were observable immediately after being exposed to red light (Fig. 7a and data not shown).
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In addition, Rh1>Opto flies on AL and DR had enhanced phototaxis toward red light (Fig. 7c),
indicating the functionality of the optogenetic channel. To test whether retinal depolarization
rescued circadian amplitude, we collected 8-day-old Rh1>Opto flies and Rh1>GFP flies at 4h
intervals for 24h and extracted mRNA from their heads and bodies. Rh1>GFP flies maintained
on AL and DR failed to show pdp1 mRNA amplitude in their heads and bodies after being
housed in a circadian red light:dark cycle (Fig. 7b). Conversely, circadian exposure to red light
enhanced the amplitude in pdp1 expression in the bodies Rh1>Opto flies, with a 4.5- and 5-fold
change in expression at ZT12 in AL and DR, respectively (Fig. 7b). Unexpectedly, circadian red
light exposure failed to affect circadian amplitude in the heads of Rh1>Opto flies (Fig. 7b).
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Figure 7: Rhythmic retinal depolarization enhances peripheral amplitude
(A) Actogram of flies expressing GFP and the red-light-sensitive optogenetic cation channel (opto) from the eye-specific Rh1
promoter (Rh1>GFP and Rh1>Opto). Approximately 8-day-old flies were housed in 12h:12h red light:dark cycle; red light
exposure is represented by the red bar, dark is represented by the black bar. Activity was recorded from ~160 flies per
genotype per diet over the span of 24h and is normalized to beam breaks/fly. (B) Circadian red light exposure rescues circadian
amplitude of pdp1 mRNA expression in bodies, but not heads, in Rh1>Opto flies maintained on AL. mRNA extracted from 30-50
8-day-old fly heads or bodies at 4h intervals over the span of 24h. Pdp1 expression is normalized to rp49 and to trough of gene
expression at the 4-hour timepoint. (C) Rh1>Opto flies have enhanced positive phototaxis response to red light. Two-tailed
student t-test indicates statistically significant difference between Rh1>Opto and Rh1>GFP flies positive phototaxis response to
red light (p<0.005). No significant difference was observed between flies on AL vs. DR. (D) Red light exposure extends lifespan in
Rh1>Opto flies maintained on a high-nutrient (AL) diet.
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Discussion
______________________________________________________________________________

DR enhances behavioral response to light and delays its decline with age
We have shown that dietary restricted (DR) flies are behaviorally more responsive to
light and remain so throughout their lifespan (Fig 2a). This improved behavioral sensitivity to
light correlates with the enhanced circadian expression of the light response genes trp, trpL,
and inaC (Fig. 2b). And, we observe that DR's ability to enhance light sensing with age is
correlated with reduced retinal degeneration (Fig. 1c). For this study, we chose to examine trp,
trpL, and inac, as they are non-redundant components of the phototransduction cascade whose
expression increases from DR. However, DR influences many additional components of the
phototransduction cascade (data not shown). Because of this, we hypothesize that diet affects
light response genes broadly, affecting both positive and negative regulators of
phototransduction and allowing the eye to maintain homeostasis with age. Future investigators
may elaborate on these findings by examining the impact of diet on the eye-specific
transcriptome, and identifying whether certain components of phototransduction cascade are
especially pertinent to DR-enhanced phototaxis. Additionally, although we observed changes in
expression at the level of mRNA, such changes must be confirmed at the protein level. And the
effect of DR on eye physiology, uncoupled from behavior, has also yet to be determined. This
could be achieved by recording the electrophysiology of the eye in response to light.
We postulate that the eye is responsive to nutrient cues, as modulating the nutrientresponsive pathway, TOR, in the eye was sufficient to influence phototaxis behavior and affect
its age-related decline (sup. Fig. 1). This suggests that DR's ability to diminish TOR signaling is
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required for its impact on age-related eye health. This is consistent with Dimitroff et al. (2012),
who have shown that pan-neuronal overexpression of Rheb, a positive regulator of TOR
signaling, results in phototaxis defects92. Surprisingly, this group reported that a low-yeast diet
had no effect on phototaxis. However, the significant differences between their and our fly diet
likely accounts for this discrepancy: Dimitroff et al.'s low-yeast diet had a higher yeast content
than our ad libitum (AL) diet. In addition to phototaxis, TOR signaling in the fly eye has also
been shown to induce retinal degeneration by suppressing autophagy93. Accordingly, we see
that flies on a high-nutrient diet also display a retinal degeneration phenotype (Fig. 1c).
Whether this phenotype is also the result of TOR signaling suppressing autophagy, and its
relationship to the molecular clock, remains to be determined.

DR requires ocular clocks to enhance the expression of light response genes, improve
phototaxis behavior, and delay age-related visual decline
We have shown that DR requires the clock components Clk and Pdp1 to enhance agerelated phototaxis behavior (Fig. 2a and sup. Fig. 3a) and the expression of the
phototransduction genes trp, trpL, and inaC (Fig. 2b and 2c). Conversely, the negative limb clock
component per modestly improves phototaxis behavior (sup Fig. 3). Given that Per negatively
regulates Clock, which in-turn regulates Pdp1, we speculate that a Per knockdown enhances
Clock and Pdp1 activity94, though we have not tested this directly. The circadian clock has
previously been shown to regulate the eye's time-of-day sensitivity to light in flies95 and mice20.
As stated previously, mice harboring a whole-body null mutation in the molecular clock gene
bmal display early-onset cataracts78; mice with a retina-specific bmal knockout display earlyonset cone photoreceptor degeneration96. Here we expand on these findings and propose a
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novel mechanism showing how a low-nutrient diet works through peripheral ocular clocks to
enhance the eye's function and delay its age-related decline (Fig. 2a).
Our study indicates that DR-dependent enhancements to phototaxis are independent of the
central clock and Rh7 (sup. Fig. 2b). The role of the other two light sensing organs—the Ocelli
(three simple photoreceptors located on the top of the fly's head) and the Haufbauer-Buchner
eyelets (a set of photoreceptors between the retina and the optic lobe)—is unknown. We have
used a promoter from the compound eye-specific Rhodopsin, Rh1, to assess pdp1 function in
phototaxis (Fig. 2a). The Ocelli express Rh247, and the Haufbauer-Buchner eyelets express Rh5
and Rh697. So the role that pdp1 plays in these light sensing organs is unknown. However, to
our knowledge, neither of these organs has previously been shown to strongly affect phototaxis,
so their contribution to DR-enhanced phototaxis is predicted to be minimal. Future experiments
may systematically test Drosophila's various photoreceptor cells and rhodopsins, using a
combination of mutants and rhodopsin-specific gal4 driver lines, to better understand DR's
influence on vision.
The precise molecular mechanism whereby clk and pdp1 respond to dietary signals and
regulate light response genes has also yet to be determined. Thus far, our correlative data
suggests that Clk and Pdp1 expression coincide with light response gene expression; flies on DR
have a large circadian amplitude and large amplitude in light response genes (Fig. 6), but flies
on DR, reared in the dark, or expressing an RNAi against Clk, have both a diminished circadian
amplitude and expression of light response genes (Fig. 1B, Fig. 3, and Fig. 2B). However, the
effect of DR on Clk- and Pdp1-DNA interactions, and whether these genes directly bind to light
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response genes' promoters is unknown. To ascertain these interactions, future experimenters
may employ chromatin immunoprecipitation-sequencing experiments to examine how DR
affects clock-DNA binding.
Future experiments may also examine how nutrient cues are communicated to the clocks in
the eye and whether there are diet- or tissue-specific factors that work alongside the Clk and
Pdp1 to influence its transcriptional output. It has been shown that pan-neuronal induction of
Drosophila Target of Rapamycin (dTOR) signaling diminishes phototaxis behavior98. In mammals,
a strong connection between clock factors and TOR has been established. The TOR effector
kinase, S6K, phosphorylates the mammalian homolog of Cyc, BMAL199, allowing BMAL1 to
interact with ribosomal translational machinery and influence translation. TOR has also been
recently implicated in affecting clock amplitude and phase in mice. The induction of Insulin and
IGF-1 signaling, which subsequently activate TOR, has been shown to enhance per mRNA
translation67. Whether a similar mechanism is present in our system remains to be determined.
We have also yet to rule out the possibility that TOR influences the phototransduction cascade
by a mechanism that is in parallel to the clock.

Light is required for DR to enhance clock amplitude in the eye and periphery
We have found that light is required not only to modulate DR-dependent clock
amplitude in the head, but also in the peripheral tissues, which are incapable of Rhodopsinmediated light sensing. Flies reared in constant darkness failed to show enhanced circadian
amplitude when maintained on DR, both in terms of circadian activity and pdp1 mRNA
expression. Given that rhythmic retinal depolarization was sufficient to rescue circadian
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amplitude in the dark, we believe that light sensing in the eye directly modulates DR's ability to
influence circadian amplitude; this notion is also supported by the finding that rhythmic retinal
depolarization rescued circadian amplitude in flies maintained on a high nutrient diet (Figure 4).
We show that enhanced light sensing in the eye drives circadian rhythms in locomotor
activity (Fig. 4 and 7a) and suspect that these rhythms are required for DR to enhance
peripheral circadian amplitude. We suspect that enhanced light sensing in the eye also
modulates feeding behavior, as early morning bouts in locomotor activity are correlated with
feeding activity in the fly100. We therefore postulate that the eye's ability to affect these two
activities indirectly influences amplitude in peripheral tissues when flies are maintained on DR.
However, future studies may directly test how DR affects locomotor activity and feeding.
Furthermore, to directly test the role of the eye in DR-mediated peripheral amplitude, circadian
amplitude in flies lacking photoreceptors should be measured. Future experiments may also
employ partially paralyzed flies to test the role of activity in DR-mediated peripheral amplitude
and determine whether it is indeed light-driven activity that drives this phenotype.
The rhythmic retinal depolarization achieved in our Rh1>Opto flies was insufficient to
rescue clock amplitude in the head (Fig. 7b). Given that whole-head fly homogenates
measuring clock gene expression primarily report clock function in the compound eye101, we
interpret this finding to mean that rhythmic retinal depolarization is insufficient to rescue clock
amplitude in the compound eye. This is unexpected considering that calcium signaling affects
the free-running period generated from flies' core clock neurons102; however, it is possible that
our heterologous expression of an optogenetic channel in the fly eye fails to adequately mimic
the salient features of the fly's phototransduction that modulates circadian amplitude. It is also
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possible that clocks in the fly eye entrain to a stimulus other than calcium; It is possible that
another product from the phototransduction cascade communicates light information to ocular
clocks, perhaps DAG, one its metabolites, or hydrogen ions. Future experiments may test this
by systematically eliminating components of the phototransduction cascade and testing its
effect on clock amplitude.

Conclusion
______________________________________________________________________________
In this study, we report for the first time that dietary restriction enhances the expression of
light response genes and delays age-related visual decline. These results appear to depend on
eye-specific expression of the molecular clock components Clk and Pdp1. We believe the eye
responds to nutrient cues that feed into a positive feedback loop between eye-specific clocks
and the phototransduction components. In turn, we also find that the eye regulates behavioral
rhythms, which enhance the amplitude of peripheral clocks. We speculate that the circadian
rhythms in light sensing that are amplified by a low-nutrient setting may be evolutionarily
advantageous, as enhanced visual acuity likely improves an organism's ability to find food and
to re-entrain to lighting cycles. Future studies may expand on the molecular mechanisms by
which nutrient cues impact the circadian clock's influence on light response genes and
determine whether these mechanisms are conserved in mammals.
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Figure 8 . Working Model
Proposed model for how dietary restriction enhances light sensing, delays its age-related decline, and enhances peripheral
amplitude. Dietary restriction, sensed by the eye and the periphery, enhances the positive feedback loop that exists between
the eye clocks and phototransduction cascade. In turn, enhanced light sensing synchronizes eye clocks and ultimately drives
locomotor activity and possibly time of feeding, which drives peripheral amplitude. Need to define TOR and Pdp1 in the figure.
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Supplementary Figures
______________________________________________________________________________

Supplementary Figure 1. Influence of target of rapamycin (TOR) signaling on phototaxis
(A) Knockdown of the nutrient-responsive TOR signaling cascade in the Drosophila eye enhances light response behavior. Agematched flies were reared on AL or DR from adulthood. Flies expressed either a control RNAi (GMR>TRiP, a spurious RNAi
against RFP) or an RNAi against TOR (GMR>TOR-TRiP). Flies on AL showed statistically significant increase in phototaxis behavior
between TOR-TRiP and TRIP on days 6 and 18, as measured by two-tailed student t-test (p<0.005 and 0.0005) respectively. Flies
on DR showed statistically significant increase in phototaxis on day 14, as measured by student two-tailed t-test (p<0.05). Each
experiment represents behavior results from160 flies/diet/genotype/timepoint. (B) Overexpression of Rheb, a positive
regulator of TOR signaling, dampens photoxis of flies on DR and AL. Age matched flies were reared on AL or DR from adulthood.
Flies either expressed GFP (GMR(12)>GFP, an overexpression control) or Rheb (GMR(12)>Rheb)) in their eyes. Flies on AL
showed a statistically significant decrese in phototaxis on days 2,6,and 10 (p<0.0001) as indicated by student t-test. Flies on DR
showed a statistically significant decrease in phototaxis on days 2,6,10,15, and 18 (p<0.0001) as indicated by student t-test.
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Supplementary Figure 2. Influence of extraocular light sensors on DR-enhanced phototaxis and actograms
Cryptochrome and the central clock are not required for DR-mediated improvements in positive phototaxis behavior. (A) Two
cry null mutants, cry01 and cry02, as well as a cry hypomorph, cryB, were measured for phototaxis behavior after being sorted
onto AL or DR food at adulthood. Cry01 showed statistically significant improvements in phototaxis on days 6,10, and 18
(p<0.005,0.05, and 0.0005 respectively); Cry02 showed statistically significant improvements in phototaxis behavior on days 2,
6, 10,14, and 18 (p<0.05,0.005,0.005,0.005,0.0005 respectively); CryB showed statistically significant improvements in
phototaxis on days 6,10,14,and18 (p<0.0005,0.0005,0.0005, and 0.0005 respectively). Each experiment was repeated 3x in total
equaling ~480 flies/genotype/diet/timepoint. Statistics measured by two-tailed student t-test. (B) Pdf-expressing core-clock
neurons were ablated via the pro-apoptotic protein, reaper, (pdf>Rpr), and phototaxis behavior was measured; these data were
compared to a GFP control (pdf>GFP). Comparing differences in Pdf>Rpr phototaxis behavior to Pdf>GFP behavior revealed only
one timepoint that was significantly different (day 6, p<0.05). (C) 24h actograms of flies on AL or DR housed in 12:12h light:dark
cycle. Light phase represented with yellow bar; dark phase represented with black bar. Activity is normalized to beam
breaks/fly. Data collected from 160 ~8-day-old adult flies per genotype per diet.
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Supplementary Figure 3. Effect of negative limb clock factors on DR-enhanced phototaxis and GFP in eye
Various core clock components tested for their effect on DR-mediated improvements in phototaxis. (A) The null pdp1 allele,
pdp1-3135, fails to show DR-mediated improvements in phototaxis. Phototaxis was measured in 2-day-old age-matched pdp13135 mutant flies on AL or DR and compared to age-matched wild-type control, w1118, also on AL or DR. (B) Pan-neuronal
knockdown of per and tim, induced in adulthood, fails to affect phototaxis. Flies expressed drug-inducible (Ru486) RNAi against
Pdp1 from the pan-neuronal promoter, elav. Isogenetic control flies (DR cntrl.) reared in absence of drug; experimental flies
(Per-TRiP and Tim-TRiP) reared from adulthood on 200mM Ru486, which induced RNAi expression tested for phototaxis on days
3,7,10 and 14. Each experiment represents ~80 flies/diet/genotype/condition/timepoint. (C) DR fails to enhance GFP expression
in eyes of Drosophila on DR at day 2. Flies expressing GFP from the eye-specific promoter, gmr (GMR>GFP) were reared on AL
or DR and collected after 2 days for image analysis via imageJ software. Flourescence intensity was scored in the eye and
normalized to background image flourescence. AL and DR values failed to show statistically significant difference as compared
via two-tailed student t-test.
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Supplementary Figure 4.
Actograms of Canton S. flies in LD or DD on AL or DR. (A, top) Age-matched actogram of flies reared in 12:12h LD cycle or
constant darkness from days 14-21; white bar represents lights-on phase, black bar represents lights off phase. (A, bottom)
Total activity of flies on AL or DR in LD or DD. Activity quantified from above actogram and represents total beam breaks/fly.
Activity quantified from ~160 flies/diet/lighting condition.) (B) Circadian amplitude of Pdp1 mRNA expression in heads and
bodies of Oregon R. flies on AL or DR under ad libitum or time-restricted feeding (TRF) protocol in LD or DD. TRF fails to rescue
peak (ZT 16) of circadian amplitude of Pdp1 mRNA expression in heads and bodies in flies in DD. TRF dampens DR amplitude of
pdp1 mRNA expression in heads in DR-LD, but amplifies amplitude of AL-LD expression. In bodies, TRF dampens circadian
amplitude of AL and DR in LD. Time-restricted feeding protocol achieved by restricting food access of flies to 12h during lightson phase (or subjective lights-on phase in DD). (c) Oscillating temperature fails to rescue pdp1 amplitude in DD. mRNA
extracted from heads and bodies of Oregon R. flies reared on AL or DR and maintained in constant temperature (CT 25 degrees)
or oscillating temperature (OT, 20 degrees for 12h and 30 degrees for 12h) environment. In LD (and DD bodies), oscillating
temperature shifts peak of pdp1 mRNA expression from ZT 16 to ZT 12. In both (a) and (b) mRNA was collected from 30-50
heads/bodies per diet per timepoint and pdp1 mRNA expression was normalized to rp49 and trough of pdp1 expression, ZT 4.
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